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We reported previously that inhibition of MAP kinase during meiosis in Urechis caupo eggs caused premature sperm aster
ormation and we reviewed indirect evidence that the suppression of sperm asters by MAPK during meiosis might be a
niversal mechanism (M. C. Gould and J. L. Stephano, 1999, Dev. Biol. 216, 348–358). We tested this proposition with
yster (Crassostrea gigas) and starfish (Asterina miniata) eggs, utilizing the MEK inhibitors U0126 and PD98059.
entrosomes, asters, and meiotic spindles were visualized by normal epifluorescence and confocal microscopy following
ndirect immunocytochemical staining for anti-b-tubulin. When MAPK activation was inhibited, sperm asters in both
species developed prematurely and tended to move toward the egg centrosomes, sometimes even fusing with the egg spindle
or centrosomes. Meiotic spindles and polar body formation were also abnormal when MAPK was
inhibited. © 2000 Academic Press
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Since the early part of the past century it was observed
that in eggs in which fertilization occurs before meiosis is
completed, the sperm centriole with its accompanying
nucleus waits in the egg periphery until after polar body
formation, then it nucleates a large aster and the sperm
nucleus is moved to join the haploid egg nucleus (e.g.,
Wilson, 1928). This behavior is recorded in a variety of
mollusc and annelid eggs fertilized in prophase or meta-
phase I of meiosis, as well as Ascaris (fertilized in prophase)
and starfish, in which fertilization can occur any time after
germinal vesicle breakdown (Wilson, 1928; Raven, 1966;
Longo, 1983; Ferna´ndez et al., 1994). Even in mammals, in
which eggs are in metaphase II at fertilization, large sperm
asters are not formed until after second polar body forma-
tion (Navara et al., 1994, 1997; Wu et al., 1996). However,
the mechanisms which keep the sperm centrosome re-
pressed while the egg centrosomes are actively forming
asters and spindles in the same cytoplasm have been
unknown. During an investigation of MAP kinase activa-
tion in eggs of the marine worm Urechis caupo (which are
in meiotic prophase at the time of fertilization) we discov-
ered that when enzyme activation was inhibited by any of
three different methods (the MEK inhibitors PD98059 and
U0126 or a simple pH shift), enlarged sperm asters formed
420at the same time as the egg asters during meiosis (Gould
and Stephano, 1999); normally sperm asters are not detected
until second polar body formation (Stephano and Gould,
1995).
Indirect evidence based on the timing of activation and
inactivation of MAPK during meiosis in some other species
suggests this mechanism could be universal. For example,
in Spisula oocytes, which are fertilized in meiotic prophase,
MAPK is activated before germinal vesicle breakdown
(GVBD) and inactivated at about the time of second polar
body formation (Shibuya et al., 1992), when sperm asters
are first detected by electron microscopy (Longo and Ander-
son, 1970) or anti-a-tubulin immunocytochemistry
Kuriyama et al., 1986). Using an antibody against
g-tubulin, Wu and Palazzo (1999) detected a small sperm
aster before metaphase I that disappeared during first polar
body formation and then reappeared and grew after meta-
phase II. Suppression of sperm aster formation by MAPK
would also explain the interesting situation in starfish
oocytes in which the enzyme is activated just after GVBD
and inactivated after fertilization, but the timing of inacti-
vation depends on the stage in meiosis at fertilization.
When oocytes are fertilized during or after second polar
body formation MAPK inactivation begins rapidly (within
10 min) but when fertilization is at earlier stages, inactiva-
tion is delayed until just before second polar body formation
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421MAP Kinase and Sperm Centrosome Suppression(Picard et al., 1996; Tachibana et al., 1997). The major
rowth of the sperm aster also begins after first or second
olar body formation (Wilson and Mathews, 1895; Cham-
ers and Chambers, 1949; Hirai et al., 1981; Sluder et al.,
989), although small sperm asters are detected soon after
ertilization (Hirai et al., 1981; Sluder et al., 1989). Accord-
ing to Hirai et al. (1981) these disappeared between the first
and the second meiotic divisions, then enlarged rapidly
after second polar body formation. To explore the possibil-
ity that MAPK suppression of sperm aster formation during
meiosis could be universal, we undertook the present study
with two other species of marine invertebrates, the mollusc
Crassostrea gigas and the starfish Asterina miniata.
MATERIALS AND METHODS
Animals and Gametes
Oysters (C. gigas) and starfish (A. miniata) were maintained at
15–17°C in seawater aquaria with biological filters. Fully grown C.
gigas ovarian oocytes are in meiotic prophase and advance to
metaphase I during spawning, although variable percentages of
ovarian oocytes can also undergo spontaneous maturation to meta-
phase I during seawater incubation. Normal development follows
fertilization at either stage (Fujita, 1929; Imai et al., 1950). We used
ovarian oocytes obtained by scraping the surface of ripe gonads
with a Pasteur pipette. Concentrated sperm were obtained in the
same manner from ripe testes, stored at 4°C, and diluted into
seawater just prior to use. Oocytes were resuspended in filtered
(0.45 mm) natural seawater at room temperature, passed through
120-mm nylon mesh to remove pieces of somatic tissue, and
washed extensively by decantation. Suspensions of oocytes and
fertilized eggs (1–5% v/v) were maintained at room temperature
(23–26°C). Sperm were diluted 1:1000. (High sperm concentrations
were used to ensure synchronous fertilization; ovarian oyster
oocytes are very resistant to polyspermy after a 1-h preincubation
in seawater; Stephano and Gould, 1988.)
Pieces of starfish testis were stored “dry” at 4°C, and sperm that
leaked out were diluted into seawater just prior to use. Starfish
ovaries were cut into pieces in ice-cold calcium-free artificial
seawater (0CaSW; in mM: 484 NaCl, 10 KCl, 27 MgCl2, 29 MgSO4,
2.4 NaHCO3). Ovarian fragments were removed by filtration
hrough nylon mesh, then the oocytes were washed three times in
old 0CaSW, resuspended, and washed in filtered natural seawater
t 15°C and were maintained (1–5% v/v suspensions) at this
emperature for all subsequent manipulations. The oocytes remain
n prophase during this treatment. Meiosis reinitiation through to
he haploid female pronucleus stage is induced by the hormone
-methyladenine (1-MA) and the oocytes can be fertilized success-
ully at any stage after GVBD, although they are most resistant to
olyspermy between GVBD and first polar body formation
Miyazaki and Hirai, 1979). We fertilized 40–50 min following
-MA (Sigma; 1025 M) addition, shortly after GVBD.
MAPK Inhibition
PD98059 (PD; New England BioLabs) and U0126 (U0; Promega)
were prepared as 10003 stock solutions in anhydrous DMSO.
These drugs are highly specific inhibitors of MEK, the kinase that
activates MAPK (Alessi et al., 1995; Cohen, 1997; Favata et al.,
Copyright © 2000 by Academic Press. All right1998). Oyster oocytes were preincubated for 10 min with 5 mM
0126, then fertilized. Starfish oocytes were preincubated for 10
in with either U0126 (50 mM; 5 mM in one experiment) or
PD98059 (100 mM), then 1-MA was added. Equal volumes of DMSO
ere added at the same time to control samples. The drugs and
MSO remained present during subsequent incubations.
Detection of Active MAP Kinase
by Immunoblotting
Samples of oyster or starfish egg suspensions (5% v/v) were
centrifuged and pellets (5 ml packed oocytes) were resuspended in 5
ml 23 phosphatase 1 protease inhibitors (in mM: 100
b-glycerophosphate, 4 NaF, 2 Na3VO4, 2 PMSF, 40 EGTA, pH 7;
leupeptin, pepstatin, aprotinin, 6.7 mg/ml each; Sigma) and then 25
ml 23 Laemmli (1970) sample buffer containing 3.6% SDS was
added with rapid mixing. Samples dissolved completely at room
temperature and were not boiled. Following electrophoresis in 10%
polyacrylamide gels (Laemmli, 1970), electrotransfer was made to
PVDF membranes (Osmonics, Inc., or Applied Biosystems), and
active MAPK was detected with affinity-purified polyclonal anti-
active MAPK (NE BioLabs), followed by donkey (Affinity Biore-
agents) or goat (GIBCO BRL) anti-rabbit IgG peroxidase conjugate
and ECL (Amersham). The anti-active MAPK antibodies were
against KLH-coupled synthetic peptides corresponding to residues
including pTEpY of human p44 MAPK. A single band was detected
in oyster (Fig. 1) and starfish (Fig. 3) eggs. The positive and negative
controls were phosphorylated and nonphosphorylated MAPK con-
trol proteins (42-kDa erk2) from NEBioLabs. In our gels the
phosphorylated erk2 protein and the active MAPK from oyster and
starfish all migrated at about 42 kDa. (Prestained standard protein
ladders were from GIBCO BRL.) The exposed X-ray films (Biomax
ML, Kodak) were scanned with Adobe PhotoShop and then average
pixel intensities in rectangles drawn around the bands were mea-
sured with NIH Image. Background intensities obtained from
adjacent regions were subtracted.
Immunocytochemistry
Samples of oocytes and fertilized eggs of both species were
pelleted in 1.5-ml microfuge tubes by a brief manual centrifugation
and fixed by resuspension in 50% methanol 1 50 mM EGTA, pH
6.8, at 220°C for 1 h to overnight (Longo et al., 1993). They were
then washed twice in 140 mM NaCl 1 10 mM Tris–HCl, pH 6.8
(TS; Oka et al., 1990), at room temperature and blocked by
resuspension in 1% BSA in TS for 1 h at 37°C. The primary
antibody was monoclonal anti-b-tubulin (Boehringer Mannheim)
iluted 1:20 in TS with 10% goat serum (Sigma). Incubations were
t 37°C for 0.5–1 h (oyster) or 4 h (starfish). Following two washes
ith TS the eggs were incubated for 0.5–1 h at 37°C in fluorescein-
onjugated goat anti-mouse IgG (Boehringer Mannheim), washed
ith TS, mounted with 0.24 M n-propyl gallate (Sigma) in 90%
lycerol (Giloh and Sadat, 1982), and viewed by confocal micros-
opy (Bio-Rad MRC 600 coupled to an Olympus BH-2 epifluores-
ence microscope with a 603 oil immersion objective, SPlanApo,
A 1.4). Some samples were also stained with bisbenzimide (25
mg/ml in distilled water) and viewed by switching to normal
epifluorescence (excitation 350 nm) on the same microscope.
Photographs were taken through the ocular as described below.
Confocal images were converted to TIFF files with NIH Image and
figures were prepared with Adobe PhotoShop.
s of reproduction in any form reserved.
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422 Stephano and GouldStaining for Chromosomes and Pronuclei
Samples in seawater were fixed at room temperature by addition
of 1/3 volume of 4% formaldehyde in SW and stored at 4°C.
Following three washes with SW they were stained with 25 mg/ml
bisbenzimide (H 33258; Calbiochem) in SW buffered to pH 8 with
TAPS (Sigma) and viewed with the 603 oil immersion objective.
Photographs were taken through a microscope adapter (Kalt Corp.,
Santa Monica, CA) on one of the oculars.
RESULTS
Oyster
Active MAPK is present during meiosis in oyster oocytes
and disappears after polar body formation (Fig. 1). No active
enzyme was detected in oocytes immediately after removal
from the ovary (Fig. 1A, “21 h”), but activity increased
during incubation in seawater prior to fertilization. A small
increase was observed in oocytes after 1 h (Fig. 1A, “0”) and
considerable activity was present by 3 h (not shown; the
average pixel intensity was 100 in this sample). Increasing
MAPK activity during incubation of unfertilized eggs in
seawater was observed in other egg batches (see the time
“0” sample in Fig. 1C, which was taken after a 5-h prein-
cubation in seawater) and was correlated with time rather
than meiotic stage. For example, the percentage of eggs that
had advanced to metaphase I of meiosis was the same in the
1-h sample of Fig. 1A (“0”, 14%) and the 5-h sample of Fig.
1C (“0, C”, 12%). However, regardless of the amount of
MAPK activity at the time of insemination, a further
increase occurred after fertilization (Figs. 1A and 1C and
two other experiments not shown). These results show that
MAPK is active during meiosis in oyster eggs and is
inactivated after polar body formation, the time when
sperm asters normally begin to develop (Longo et al., 1993).
The effects of inhibiting MAPK activation were exam-
ined in the next series of experiments. Figure 1C shows that
U0126 (5 mM) completely blocked MAPK activation in
unfertilized and fertilized eggs. When MAPK was inhibited,
sperm asters developed prematurely. For example, in the
experiment of Fig. 2 with eggs fixed 25 min after insemina-
tion, sperm asters had developed in 15/15 U0-treated eggs
(Figs. 2C, 2E, and 2F) but were detected in only 2/30 control
eggs treated with DMSO alone. Furthermore, the sperm
asters in the control eggs were just tiny dots (not shown),
whereas those in U0-treated eggs were much larger. In some
cases the sperm pronuclei in U0-treated eggs were stretched
as if they were being dragged toward the egg centrosomes by
their aster (Fig. 2D) and occasionally sperm asters appeared
to have joined the egg asters (Fig. 2E). We scored the
proximity of sperm pronuclei to the egg centrosomes/
spindle in the experiment of Figs. 2A–2F as “near” (closer
than an egg radius), “mid” (about an egg radius distant), and
“far” (more distant than an egg radius) with the following
results: control, 19% near, 13% mid, 68% far (n 5 62);
0-treated, 61% near, 19% mid, 19% far (n 5 57). Thus,
he movement of sperm pronuclei toward the egg chromo- c
Copyright © 2000 by Academic Press. All rightomes is also initiated prematurely when MAPK is inhib-
ted.
The above results indicate that MAPK suppresses sperm
ster development and motility during meiosis. Inhibition
f MAPK also had severe effects on egg centrosome and
hromosome behavior. Normal metaphase I spindles are
FIG. 1. Detection of active MAPK in oyster eggs at various times
during meiosis. (A) Time course of activation. 21 h, oocytes right
after removal from the ovary; 0, oocytes after 1 h 10 min incubation
in seawater without insemination. Sperm (sp) were then added and
samples were taken for PAGE and immunoblotting at the times
indicated. The average pixel intensities in bands from immuno-
blots were determined as described under Materials and Methods.
(B) Proportions of eggs in different stages of development in the
samples shown in A. P, prophase; CC, chromosome condensation
and congression under way; M, metaphase I; PB, polar bodies
forming; PN, pronuclear stage; CL, first cleavage (prometaphase–
two cells). Asynchronous development is characteristic of oyster
eggs. (C) Immunoblot of active MAPK in control and U0-treated
eggs. Eggs were preincubated for 10 min with U0126 (U, 5 mM) or
DMSO (C) and then fertilized. Samples were taken at time 0 (just
before insemination) and at 15-min intervals thereafter. Although
the level of active MAPK was already high in unfertilized eggs (see
text), it increased further at fertilization, then declined as polar
body formation began. Band intensities are higher than in A
because the film was exposed to the blot overnight in order to
detect trace amounts of active MAPK. No activity was detected in
the U0-treated samples (and there were no bands other than the one
shown). (D) Proportions of stages in the samples of C. Color codes
are the same as in B. d, chromosome decondensation without polar
body formation. At 30 and 45 min, the metaphase chromosomes
had begun to scatter in many of the U0-treated eggs.ompact and symmetrical (Fig. 2A), but the “spindles” that
s of reproduction in any form reserved.
formation in a control egg. (H) First polar body in a U0-treated egg
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Copyright © 2000 by Academic Press. All rightformed in U0-treated eggs were invariably deformed (Figs.
2C, 2E, and 2F). GVBD and chromosome condensation
occurred in the U0-treated eggs, but congression was often
incomplete so that chromosomes remained somewhat scat-
tered instead of forming a normal metaphase plate. Meiosis
was not completed normally: some eggs formed an enlarged
polar body (compare Figs. 2G and 2H) but in most, the egg
chromosomes tended to decondense without polar body
formation (Fig. 2I; also see Fig. 1D). These results show that
normal meiosis requires active MAPK in oyster eggs.
Starfish
To test whether MAP kinase was suppressing sperm aster
development during meiosis we used PD98059 and U0126.
Figure 3 shows that both inhibited MAPK activation. In the
first series of experiments we used PD at 100 mM (the
concentration previously shown to be effective in A. mini-
ata by Sadler and Ruderman, 1998). Oocytes were preincu-
bated with the inhibitor or DMSO alone for 10 min, then
1-MA was added and the oocytes were fertilized 40 min
later, shortly after GVBD, which began at about 30 min in
both PD-treated and control eggs.
stained with bisbenzimide and viewed simultaneously with epiflu-
orescence and phase contrast. (I) Decondensed chromatin in a
U0-treated egg that failed to form polar bodies (stained with
bisbenzimide). A–F are at the same magnification (scale bar in A, 20
FIG. 3. Inhibition of MAPK in starfish eggs. Lanes PD and DMSO:
Oocytes were pretreated with PD98059 (100 mM) or DMSO for 10
min, then 1-MA was added without removing the inhibitor, and the
oocytes were inseminated 75 min later. Samples were taken 35 min
after insemination (control eggs in metaphase I). Lane U0: Oocytes
were pretreated with U0 (50 mM) for 10 min, inseminated 52 min
after 1-MA addition, and sampled at 50 min after insemination. No
active MAPK was detected in either PD- or U0-treated eggs. Lanes
C1 and C2: Phosphorylated and nonphosphorylated control
samples (42-kDa erk2; NEBioLabs).FIG. 2. Effects MAPK inhibition on sperm aster development and
meiosis in oyster eggs. (A) Normal metaphase I spindle in a control
egg 25 min after insemination stained with anti-tubulin. No sperm
aster is visible. (B) Egg chromosomes and sperm pronucleus in the
same egg, stained with bisbenzimide. (C) U0-treated egg from the
same experiment, 25 min after insemination. A sperm aster has
developed to one side of the abnormal egg spindle. (D) Egg chro-
mosomes and sperm pronucleus in the same egg, stained with
bisbenzimide. The sperm pronucleus is stretched, as if it were
being dragged by its aster. (E and F) Two other U0-treated eggs at 25
min after insemination. In E, the sperm aster appears to be on top
of the egg asters and in F, can be seen to one side. The very
abnormal egg spindle in F has two asters at each pole, indicating
that the female centrosomes have divided. (G) First polar bodymm).
s of reproduction in any form reserved.
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424 Stephano and GouldAt 18 min after insemination sperm asters were not
detected in either control or inhibited eggs. Control eggs
were in metaphase or prometaphase of the first meiotic
division and meiotic spindles were present. In the PD-
treated eggs, the chromosomes had condensed, but were in
loose clusters instead of metaphase aggregates (as in Fig.
5A). No normal spindles were formed although the paired
maternal asters were juxtaposed (as in Figs. 4B and 4C). At
32 min there were sperm asters in most (27/30) of the
PD-treated eggs, but in only a few (7/30) of the control eggs.
The sperm asters also tended to be larger in the PD-treated
eggs (compare Fig. 4A with 4B and 4C) and in some cases a
sperm aster appeared to be almost joined to an egg aster (Fig.
4C). Sperm and egg asters were never observed in such close
proximity in the control eggs. Another interesting differ-
ence was in the relationship between the size of the sperm
aster and its distance from the egg centrosomes. In control
eggs (40–60 min after insemination) distant sperm asters
were distinctly larger than close ones (Fig. 4D; 5/6 polysper-
mic eggs; in the sixth they were of equal size), whereas the
opposite was true in PD-treated oocytes (Figs. 4B and 4C;
6/8 polyspermic eggs; in one egg the farther sperm aster was
slightly larger than the nearer, and in the other, the two
sperm asters were equidistant and of equal size).
By 53 min sperm asters had developed in most (12/13) of
the control eggs and were present in all (15/15) of the
PD-treated eggs. However, in the PD-treated eggs the chro-
mosomes remained in loose clusters and complete spindles
were still absent. In the control eggs first polar body
formation was occurring in the 67-min sample, two polar
bodies were present by 84 min, and decondensed male and
female pronuclei were present at 2 h. In contrast in the
PD-treated eggs the maternal chromosomes tended to re-
main in loose clusters (Fig. 5A), then began to decondense
without polar body formation after 2 h (not shown). A few
formed one enlarged polar body (compare Figs. 5C and 5D)
and occasionally two polar bodies were observed. For ex-
ample, in one experiment in which eggs were fixed 4 h after
insemination and stained with bisbenzimide, 49 had no
polar bodies, 3 had one enlarged polar body, and 1 had two
polar bodies.
Similar results were obtained when MAPK activation
was inhibited with U0126. In an experiment in which the
effects of both U0 and PD were investigated, at 30 min after
insemination 15/20 U0-treated eggs and 17/21 PD-treated
eggs had developed large sperm asters, whereas only 8/20
control (DMSO alone) eggs formed asters and these were
much smaller. By 43 min sperm asters were present in
14/15 U0-treated eggs, 19/20 PD-treated eggs, and 9/18
controls. The 43-min data are illustrated in Figs. 4E and 4F.
In U0-treated eggs the sperm asters also tended to be
closer to the meiotic spindles. This was quantitated by
measuring distances in confocal images. In a sample of eggs
(metaphase I) taken at 50 min after fertilization (100 min
after 1-MA application) sperm asters were less than 40 mm
from the spindle in 15/32 U0-treated eggs and in only 3/27
control eggs. In some cases (3/10 at 40 min after fertiliza- l
Copyright © 2000 by Academic Press. All rightion) the sperm asters were even connected to the egg
entrosomes or spindle (Fig. 4G). Such connections were
ever observed in control eggs. Also, when the sperm asters
n U0-treated eggs were shaped like comets, the “head” was
irected toward the egg chromosome/centrosome complex
Fig. 4F). These results indicate that the sperm asters were
igrating toward the egg centrosomes in the U0-treated
ggs.
Meiosis was also abnormal in the U0-inhibited eggs.
nlike the PD-treated eggs, they did form meiotic spindles
nd the egg chromosomes aggregated into typical meta-
hase clusters. However, the spindles were not completely
ormal: they tended to be twisted and less symmetrical
han the spindles in control eggs (compare Figs. 4E and 4F).
s in PD-treated eggs, first polar bodies were abnormally
arge and the female chromosomes tended to decondense
Fig. 5B) without forming the second polar body. For ex-
mple, in one experiment in which eggs were scored at 2 h
fter insemination, 48/50 control eggs had formed two
ormal-sized polar bodies, whereas 46/53 U0-treated eggs
ad formed only one large polar body (2 had two polar
odies and 5 had no polar bodies). The same abnormalities
n chromosome behavior and polar body formation were
bserved when the concentration of U0126 was reduced to
mM.
The above results show that MAPK suppresses sperm
ster development during meiosis in starfish eggs. When
APK activation is inhibited (1) sperm asters form earlier,
2) they can move closer to and even fuse with the oocyte
eiotic apparatus, and (3) they tend to be larger rather than
maller when close to the meiotic apparatus. Active MAPK
s also required for normal meiosis.
DISCUSSION
Sperm Centrosome Suppression
When MAPK activation is inhibited in oyster eggs, sperm
asters are present during metaphase I of meiosis, whereas
normally they do not appear until after polar body forma-
tion (Longo et al., 1993). Also in A. miniata eggs, sperm
sters form earlier and are larger when MAPK is inhibited.
urthermore, in the MAPK-inhibited eggs of both species,
perm asters move toward the egg meiotic apparatus and
ccasionally appear to fuse with it, whereas normally the
perm pronucleus and centriole remain at the periphery of
he egg until meiosis is completed (oyster, Longo et al.,
993; starfish, Wilson and Mathews, 1895; Hirai et al.,
981). Sperm asters are known to promote pronuclear
igration after meiosis in a variety of eggs (reviewed by
einsch and Karsenti, 1997). Therefore in the eggs of all
hree species that have been tested (for Urechis, see Gould
nd Stephano, 1999) sperm asters not only form prema-
urely when MAPK is inhibited, they also begin to function.
In starfish, the development of tiny sperm asters prior to
he completion of meiosis, followed by considerable en-
argement after second polar body formation, is also re-
s of reproduction in any form reserved.
425MAP Kinase and Sperm Centrosome SuppressionFIG. 4. Premature sperm aster development and abnormal meiotic figures in PD98059- and U0126-inhibited starfish eggs stained with
anti-tubulin. (A) Control egg fixed 32 min after insemination; one of the few (see text) with a sperm aster at this time. (B and C) Two
dispermic PD98059-treated eggs fixed at the same time. Sperm asters are larger than in the control eggs, and the one (arrowhead) nearest
the egg centrosomes is larger than the one farther away. The two egg centrosomes are in close proximity but have not formed a normal
spindle between them. (In B and C, several confocal images were superimposed so both the egg centrosomes and the sperm asters would
be in focus.) (D) Control trispermic egg 50 min after insemination. The sperm asters increase in size with distance from the egg spindle.
(E) Control egg from another experiment, fixed at 43 min after insemination. Several images were superimposed to show the complete egg
spindle. A tiny sperm aster is visible. (F) A U0-treated egg from the same experiment fixed at 43 min after insemination. A large comet-like
sperm aster is close to the egg centrosomes, which have not formed a normal spindle. (G) U0-treated egg from a different experiment, fixed
40 min after insemination. Microtubules extend from the sperm aster to the egg spindle. All the images are at the same magnification; scale
bar in D, 20 mm.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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426 Stephano and Gouldported for other species: Asterias forbesii (Wilson and
Mathews, 1895), Asterina pectinifera (Hirai et al., 1981),
and Pisaster ocraceus (Sluder et al., 1989). Part of the
explanation for why sperm aster development is inhibited
during meiosis in oyster and Urechis (Gould and Stephano,
1999) while small asters are permitted in starfish could be
related to the egg size. C. gigas (diameter 60 mm) and
rechis (120 mm) eggs are much smaller than starfish eggs
A. miniata, 185 mm), but the meiotic spindles are about the
same size (e.g., compare Figs. 2A and 4E). Therefore the
probability that a sperm aster would grow into the egg
centrosomes or spindle would be greater in the smaller eggs.
In the starfish eggs, on the other hand, adequate protection
appears to be provided by inhibiting the growth, especially
near the egg spindle, as well as the migration of sperm
asters.
Our observation (Fig. 4D) that sperm asters in control
starfish eggs tended to be larger when they were farther
away from the animal pole containing the egg meiotic
apparatus suggests that there might be a gradient of MAPK
activity emanating from the former nuclear area (which we
observed in Urechis oocytes stained with anti-active
FIG. 5. Abnormal meiosis in PD- and U0-inhibited eggs. (A)
Incomplete chromosome congression in a PD-treated egg fixed 53
min after insemination. The chromosomes remain somewhat
scattered instead of forming a tight metaphase aggregate. (B)
U0-treated egg 4 h after insemination. The egg chromosomes have
decondensed to form a single nucleus without forming polar
bodies. (C) Polar body on a PD-treated egg 4 h after insemination.
(D) First polar body on a control egg 1 h after insemination. A and
B, stained with bisbenzimide, scale bar, 10 mm; C and D, living eggs
(185 mm diameter) viewed by phase-contrast microscopy.MAPK, unpublished observations). In support of this idea is
Copyright © 2000 by Academic Press. All rightthe fact that this gradient in aster size was abolished by
inhibiting MAPK (Figs. 4B and 4C).
Is MAPK suppression of sperm aster development during
meiosis a universal mechanism? An affirmative answer is
supported by the data from three widely separated inverte-
brate taxa: an echinoderm, a bivalve mollusc (present re-
sults), and an echiuran worm (Gould and Stephano, 1999).
Indirect evidence from a vertebrate, Xenopus, is also con-
sistent with this proposal. Unfertilized Xenopus eggs are
maintained in metaphase II by cytostatic factor, one of
whose essential components is active MAPK (reviewed by
Sagata, 1997). After fertilization, the beginning of sperm
aster growth (Stewart-Savage and Grey, 1982) coincides
with MAPK inactivation (Watanabe et al., 1991) at about
the time of second polar body formation. In cow, rhesus
monkey, and human eggs, which are also fertilized at
metaphase II, sperm aster growth is also delayed until
second polar body formation (Navara et al., 1994, 1997; Wu
et al., 1996) and in the cow, MAPK dephosphorylation is
reported to coincide with pronuclear formation (Lui and
Yang, 1999). Why active MAPK persists when it is no longer
needed to maintain metaphase arrest has been unexplained;
suppression of sperm aster growth might be the reason.
Guadagno and Ferrell (1998) mentioned that sperm asters
grew larger in Xenopus cytoplasmic extracts when MEK
was immunodepleted or PD98059 was added. Gotoh et al.
(1991) reported that somatic cell (CHO) centrosomes added
to cytoplasmic extracts from metaphase II-arrested Xeno-
us eggs grew poorly, but formed large asters in interphase
extracts prepared from activated eggs. When active MAPK
was added to the interphase extracts, aster growth was
again poor (Gotoh et al., 1991). These observations are
consistent with the hypothesis that MAPK suppresses
sperm aster development until meiosis is completed; it will
be interesting to see the results of direct tests in vivo.
MAPK and Meiosis
Our results show that inhibiting MAPK activation has
profound effects on meiosis as well as sperm aster develop-
ment. In both oyster and starfish, meiotic spindle formation
was abnormal and the eggs either failed to produce polar
bodies or produced only one (usually enlarged). In starfish
eggs treated with PD98059 the condensed chromosomes
tended to remain somewhat scattered, spindles did not form
between the two egg centrosomes, and polar body forma-
tion was less frequent. With U0, spindles assembled,
though they were abnormal, and the chromosomes went to
metaphase, but then tended to decondense before or after
polar body formation. The oyster eggs also showed this U0
phenotype. It is interesting that similar differences were
observed in PD- and U0-treated Urechis eggs even when the
inhibitors were at the same concentration (50 mm; Gould
and Stephano, 1999). The reason for these differences in
phenotype is not known: both drugs eliminated detectable
active MAPK (present results; Gould and Stephano, 1999)
and have been shown to be highly specific MEK inhibitors,
s of reproduction in any form reserved.
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427MAP Kinase and Sperm Centrosome Suppressionalthough U0 has a higher affinity and a lower K i than PD
(see Favata et al., 1997, for a detailed comparison).
MAPK was shown previously to be required for normal
meiosis in Xenopus, mouse, and Urechis eggs (reviewed by
agata, 1997; Gould and Stephano, 1999) and for inhibiting
NA synthesis in the haploid nuclei of unfertilized eggs in
ome (Tachibana et al., 1997; Sadler and Ruderman, 1998)
ut not all (Fisher et al., 1998) starfish species. Our results
how that earlier events in starfish oocyte meiosis are also
bnormal when MAPK is inhibited. Thus, MAPK activity is
equired for normal meiotic divisions as well as suppression
f sperm asters in every species in which these events have
een studied.
It will be very interesting to investigate the mechanisms
hereby MAPK controls the growth and function of sperm
sters as well as the formation of normal meiotic spindles.
hat are the targets for MAPK? Does the enzyme directly
hosphorylate sperm centrosome molecules, or are there
ntermediaries? How aster formation by centrosomes is
egulated is not well understood in any cell type (e.g.,
immerman et al., 1999) and oocytes provide especially
avorable material since sperm and egg centrosomes behave
ifferently in the same cytoplasm.
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